arXiv: 1509.04446vl [astro-ph.SR] 15 Sep 2015 


SF2A 2015 

S. Boissier, V. Buat, L. Cambresy, F. Martins and P. Petit (eds) 


CLUES ABOUT THE FIRST STARS FROM CEMP-NO STARS 


A. Choplin^, G. Meynet^ and A. Maeder^ 


Abstract. The material used to form the CEMP-no stars presents signatures of material processed by 
the CNO cycle and by He-burning from a previous stellar generation called the source stars. In order to 
reproduce the relative abundance ratios like for instance C/N or some mixing between the two 

burning regions must have occured in the source stars and only the outer layers of the stars, with modest 
amount coming from the CO core, must have been expelled either through stellar winds or at the time of the 
(faint) supernova event. With new models at low metallicity including rotational mixing, we shall discuss 
how the variety of abundances observed for CEMP-no stars can be reproduced. 
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1 Introduction 


Iron deficient zones in the universe are of particular interest since they were preserved from chemical enrichment, 
hence delivering clues on the early universe. Carbon enhanced metal poor stars (CEMP) are iron deficient stars 
with an excess of carbon relatively to the sun. The two common criteria defining a CEMP star areQ [Fe/H] 
< —1 and [C/Fe] > 0.7 ( Aoki et ar]|2007 ). s- and r-elements were detected in some of those stars, leading to 4 
subclasses : CEMP-s, CEMP-r/s, CEMP-r and CEMP-no stars (Beers & Christlieb 20051. CEMP-no denote 
CEMP stars without significant amounts of s- or r- elements. This latter category is of particular interest since 
it dominates at [Fe/H] < —3 (Aoki 2010 Norris et al. 20131, allowing us to approach the primordial universe 


even closer. Among the scenarios explored to explain CEMP-no stars, there is the ’’spinstar” scenario ( Meynet 
et al.|2006 2010[|Hrrschi|2007 Maeder et al.|2015), which suggests that CEMP-no formed in a region previously 


enriched by a material coming from fast rotating, low metallicity, massive stars, experiencing strong mixing, 
mass loss and eventually a supernova at the end of their lives. For main sequence CEMP-no stars at least, no 
in situ changes of the surface abundances are expected and observed surface abundances are believed to be the 
same as at the time of the star formation. Recently, Maeder et al. (2015) suggested that the variety of CEMP-no 
abundances can be explained by a material having been processed back and forth by H- and He-burning regions 
before being ejected by the spinstar. Also shown in Maeder et al. (2015) is that changing the initial CNO 
distribution in the spinstar will increase the fit between model and observations in 2D abundance diagrams like 
log(i2C/i3C) vs. [C/N]. 


We discuss two 32 Mq models of spinstars computed with the geneva code. Ejecta of the models (wind 
and supernova) are compared to observed CEMP-no abundances through the 2D abundance diagram [C/N] 
vs. log(^^C/^^C). We discuss the impact of taking non-solar initial CNO abundances and emphasize the need 
for a strong interaction between H- and He-burning shells, in order to synthesize the material needed to build 
CEMP-no stars. 


2 Physical ingredients 

The two 32 Mq models discussed were computed at Z = 10“®, with an initial rotation rat^of vjvcrit = 0.7, 
which corresponds to an initial equatorial velocity of 680 km/s. The evolution is stopped at the end of the 


^ Department of Astronomy, University of Geneva, Versoix, Switzerland 
*[X/Y] = X/^y) - log]^Q(Y’xo/-^Yo) with Nx y the number density of elements X and Y, O denoting the abundances 

in the sun. 

^Vcrit is the velocity at which the gravitational acceleration is exactly compensated by the centrifugal force at the equator. 
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neon photodisintegration phase, after the carbon burning. Mass loss prescription is taken according to 


et al. 


(2001) when Teff > 3.95 and to de Jager et al. (1988) otherwise. We used the recipes of Zahn (1992) and 


Vink| 


Maeder (1997) for horizontal turbulence and shear mixing, respectively. The only difference between the two 
models is their initial composition : while the first model has a solar-scaled mixture ( Asplund et al.|[2005 ), the 
second one presents a modified a-enhanced mixture (a-mod). In the latter mixture [C/N], [0/N] and 
are put to 2, 1.6 and 30, according to suggestions of Maeder et al. ( 2015 ) for [C/N ] and [0/N] and to prediction 
of galactic chemical evolution models at low metallicity of Chiappini et al. (2008) for 


3 Results 

Thick tracks in hg{l] show the integrated abundances in the wind as evolution proceeds for the two models. 
Comparing the two thick paths, one sees that both are going toward the CNO-equilibrium point : the CNO 
cycle is at work in such massive stars and transforms into and leading to lower and lower [C/N] and 
log(^^C/^^C) in the wind. Since the initial [C/N] is higher in the a-mod mixture, it better fits the observations 
and cover the whole range of observed [C/N] and almost all the range of ^^C/^^C. However, it seems that wind 
cannot provide a material with —1 <[C/N]< 1 together with log(^^C/^^C) ^ 0.5, where most CEMP-no are 
lying. Moreover, both models lose only ~ 0.5 Mq through winds, which is probably too low to form a new (even 
low mass) star. More massive models of spinstars should be modeled since they are likely to eject more mass 
through winds. A way to get more available mass in the ISM with the present models is to add a supernova to 
the wind. 

Thin curves in hgj^show the integrated abundances in the ejecta as inner and inner layers of the final stellar 
structure are added to the wind. Although simple, such a supernova simulation allow us to explore all possible 
mass cutt[^ Even though the red track is going toward higher [C/N], both of those thin curves are similar and 
can be divided in three parts: 


1. Outer layers ( 20 < Mcut < 31 Mq) of the stars are added to the wind. The CNO cycle was at work here, 
so that the ejecta is more and more enriched in ^^C and ^'^N, reducing [C/N] and log(^^C/^^C) ratios from 
~ —2 and ^ 0.75 to ^ —2.6 and ^ 0.6 (see figQ. 

2. Middle layers are added (13 < Mcut < 20 Mq). ^^C/^^C is at CNO equilibrium in this region but not 
[C/N] : there is an excess of ^^C compared to ^“^N. This ^^C comes from the He-burning shell which has 
strongly interacted with the H-shell during the carbon burning phase, leading to [C/N] of ^ — 1 and 0 for 
solar and a-mod models respectively. Rotational mixing is likely playing an important role to build this 
special regions in the star, where some He-burning products have moved from the He-shell to the H-shell. 
The physical process leading to a zone in the star with CNO equilibrium values for ^^C/^^C but not 
for [C/N] is likely due to the fact that (^^C/^^C)eq is reached quicker that [C/N]eg when the CNO-cycle 
operates. 

3. Inner layers are added {Mcut < 13 Mq). The He-shell burning shell is reached, leading to a big rise of 
both [C/N] and ^^C/^^C since a He-burning region is ^^C-rich but ^^C- and ^'^N-poor. 


As we see, ^^C/^^C ratio is able to constrain Mcut ■ if too deep layers are expelled, ^^C/^^C in the ejecta 
become too high compared to the range of observed value. Only modest amount of He-burning region should be 
expelled : ejecting 1 Mq of the He-shell of the model with a-mod mixture leads to log(^^C/^^C) = 1.7, which 
correspond to maximum observed values. 

Considering also the wind ejecta, we see that starting with an a-mod mixture in the spinstar improves the 
fit regarding to a solar mixture : all the range in [C/N] is covered and adding a (faint) supernova to the wind 
provides a material which corresponds to many observed [C/N] and ^^C/^^C ratios at the surface of CEMP-no 
stars. A word of caution, however, regarding the ejecta : while wind, and especially mechanical wind fPecressin 


et al. (2007), is expected to stay in the neighbourhood of the star, the supernova ejecta is likely to go further 


so that the different ejecta should be considered separately. Moreover, some dilution with the ISM can occur, 
leading to a mixed material made of processed and pristine material. Those points should be taken into account 
in the future. 


tmass coordinate inside the star delimiting the part which is expelled from the part which is kept into the remant. 
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One of the other next step is to consider more chemical species (O, Ne, Na, Mg, Al...) in order to increase 
the level of constraint. Different initial masses must also be investigated, especially to have an idea on which 
kind of progenitor is preferred to form CEMP-no stars. 



[C/N] 


Fig. 1. [C/N] vs. CC) diagram. Grey dots are observed CEMP-no stars from 


Norris et al. 


(20131, 


Masseron 


et al. 


jgObl i JA llen et al.| (2012l and Hansen et al. (20151 (except for 6 stars, the rest of the sample is the same as 


Maeder et al. ( |2015 1, see their table 1 for more details). Small points are MS stars or subgiants while bigger points 
apply for bright giants. A vertical arrows is drawn when is a lower limit. Oblique arrows indicate a lower limit 

for and an upper limit for Nitrogen at the same time. Yellow and green circles denote values in the sun and 

when the CNO-cycle is at equilibrium, respectively. Purple circle represent the initial a-mod mixture. Thick tracks show 
integrated abundances ratios in the wind as evolution proceeds and thin lines show the integrated abundances in the 
ejecta as inner and inner layers of the final stellar structure are added to the wind. 


4 Conclusions 

We discussed the possibility of building observed CEMP-no stars with ejecta of spinstars. The two models 
presented differed only by their initial CNO distribution. The model with a non-solar initial CNO distribution 
improves the fit in two ways : first the initial [C/N] is taken higher than solar, so that the whole range of observed 
[C/N] is covered with wind ejecta. Second, CEMP-no with —1 < [C/N] < 1 together with log(^^C/^^C) ~ 0.7 
are well covered by the a-mod model if adding a supernova to the wind. Various mass cuts in the spinstar 
can explain different observed CEMP-no. The special material, with CNO equilibrium values for ^^C/^^C but 
not for [C/N], is made available during carbon burning phase, owing to a strong interaction between H- and 
He-burning shells. Regardless of the initial CNO distribution, ^^C/^^C appears to be a great ratio to constrain 
the mass cut at the time of the supernova : if too deep layers are added to the wind, He-burning region is 
reached and ^^C/^^C becomes too high compared to observed ratios. 

References 


Allen, D. M., Ryan, S. G., Rossi, S., Beers, T. C., & Tsangarides, S. A. 2012, A&A, 548, A34 




























240 


SF2A 2015 


Aoki, W. 2010, in lAU Symposium, Vol. 265, lAU Symposium, ed. K. Cunha, M. Spite, & B. Barbuy, IIHIG 
Aoki, W., Beers, T. C., Christlieb, N., et al. 2007, ApJ, 655, 492 

Asplund, M., Grevesse, N., & Sauval, A. J. 2005, in Astronomical Society of the Pacific Conference Series, Vol. 336, 
Cosmic Abundances as Records of Stellar Evolution and Nucleosynthesis, ed. T. G. Barnes, III & F. N. Bash, 25 
Beers, T. C. & Christlieb, N. 2005, ARA&A, 43, 531 
Chiappini, C., Ekstrom, S., Meynet, G., et al. 2008, A&A, 479, L9 
de Jager, C., Nieuwenhuijzen, H., & van der Hucht, K. A. 1988, A&AS, 72, 259 
Decressin, T., Meynet, G., Charbonnel, C., Prantzos, N., & Ekstrom, S. 2007, A&A, 464, 1029 
Hansen, T., Hansen, C. J., Christlieb, N., et al. 2015, ArXiv e-prints 
Hirschi, R. 2007, A&A, 461, 571 
Maeder, A. 1997, A&A, 321, 134 

Maeder, A., Meynet, G., & Chiappini, C. 2015, A&A, 576, A56 
Masseron, T., Johnson, J. A., Plez, B., et al. 2010, A&A, 509, A93 
Meynet, G., Ekstrom, S., & Maeder, A. 2006, A&A, 447, 623 
Meynet, G., Hirschi, R., Ekstrom, S., et al. 2010, A&A, 521, A30 
Norris, J. E., Yong, D., Bessell, M. S., et al. 2013, ApJ, 762, 28 
Vink, J. S., de Koter, A., & Earners, H. J. G. L. M. 2001, A&A, 369, 574 
Zahn, J.-P. 1992, A&A, 265, 115 



